In this study, two dicationic asymmetrical diamine/copper(II) nitrate salt complexes of the general formula trans-[Cu
Introduction
Copper is one of the most authentic transition metal elements in human bodies, where its ion complexes play an essential role in bio-catalytic processing [1e4] . In general, copper(II) complexes behave as good anti-cancer agents due to their affinity to bind to DNA with several types of interactions [4e10] . Hence, a large number of copper(II) complexes have been synthesized and evaluated as DNA binders and anti-cancer drugs [11e23] .
The implementation of five-coordinated Cu(II) complexes with two diamine ligands are widespread in coordination chemistry [21e23] . The structural, electronic and stereochemistry of such complexes have been discussed extensively [21e24] . The geometry of five-coordinate complexes ranges between square pyramidal (SP) and trigonal bipyramidal (TBP). Very few copper(II) complexes with regular TBP geometry are known, with the exception of some complexes containing tripodal ligands [24] .
The coordination chemistry of diamines ligands with copper(II) complexes has attracted attention considering their important catalytic, structural, magnetic and biological properties [25, 26] . Only a small number of asymmetric diamines ligands with alkyl nitrogen atom (R 2 N) and aprotic nitrogen atom (H 2 N), such as N,Ndimethylethylenediamine have been investigated in Cu(II) complexation. Coordination of two asymmetrical diamine ligands with Cu(II) centre with five-coordinated orientation may favour the trans structure as a kinetically-favoured isomer or the cis structure as a thermodynamically-favoured isomer. To the best of our knowledge, the cis/trans isomerization of asymmetric diamines to the Cu(II) centre has never been theoretically studied.
In the literature, there are numerous number of copper(II)/Ndonors complexes; which are being used mainly as DNA binders [1e4,21e24] . However, there is a shortage in the X-ray single-crystal diffraction (XRD) of such complexes. In addition, theoretical calculations on such complexes are very rare. In this work, the crystal structure of the trans-[Cu II (NN 0 ) 2 .H 2 O](NO 3 ) 2 isomer (complex 2) was successfully prepared and isolated. The structure was analysed with the means of single-crystal XRD, FTIR, and UVevis. In addition, high level computational calculations were performed in order to study the structure, the cis/trans isomerization, and the vibrational spectra of the copper(II)/diamines complexes. Timedependent DFT (TDDFT) methods were also used to probe the excitation states of the complexes and compare their UVevis spectra to the experimental ones.
Experimental section

Materials
All the reagents that were used are of analytical grade and purchased from SigmaeAldrich and used as received.
Synthetic procedure
1 mmol of Cu(NO 3 ) 2 $3H 2 O was dissolved in 10 ml of methanol. Then, 2.1 mmol of the corresponding diamine ligand dissolved in 5 ml of methanol was added drop by drop under ultrasound waves to the Cu(II) solution until the solution turned dark blue in a period~20 min. After that, the solvents were removed under vacuum at 65 C and the remaining solid was washed with chloroform (to remove excessive amines) and dried under vacuum. Crystals from complex 2 suitable for X-ray diffraction were obtained through slow evaporation of water from the solution of the complexes. 
Characterizations
Elemental analyses were recorded with an Elementar Varrio EL analyser. The FTIR spectra (4000e400 cm À1 ) were obtained from sample powders dispersed in KBr discs with a PerkineElmer 621 spectrophotometer. Thermal analyses were carried out with TA instrument SDT-Q600 in air. Absorption spectra were recorded in water at room temperature, on a Pharmacia LKB-Biochrom 4060 spectrophotometer. FAB-MS data were obtained with a Finnigan 711A (8 kV), modified by AMD and reported as mass/charge (m/z) values.
Single-crystal X-Ray data collection
The X-ray single crystal data of complex 2 was collected with monochromated Mo-Ka radiation (l ¼ 0.71073 Å) on a Bruker SMART Apex II diffractometer equipped with a CCD area detector at 150(2) K. The crystal was positioned at 40 mm from the CCD and the spots were measured using 20 s counting time. Data reduction was carried out using the SAINT-NT software package [27] . Multiscan absorption correction was applied to all intensity data using the SADABS program [28] . The structure was solved by a combination of direct methods with subsequent different Fourier syntheses and refined by full matrix least squares on F 2 using the SHELX-2013 suite [29] . All non-hydrogen atoms were refined with anisotropic thermal displacements. The CeH hydrogen atoms were included at calculated positions and refined with isotropic parameters equivalent 1.2 times those of the atom to which they are attached. Furthermore, the hydrogen atoms bound to nitrogen atom as well for coordinated water molecule were unequivocally located from the last calculated difference Fourier maps. The molecular and packing diagrams were generated using the Platon and Olex2 software [30] . The details of the crystal structure and data refinement are given in Table 1 . The list of bond lengths and bond angles of the non-hydrogen atoms are given in Table 2 . Fig. 1 represents the ORTEP of the molecule with thermal ellipsoids drawn at a 50% probability.
Theoretical calculations
Exact details on performing the quantum computational calculations are described in previous studies [31, 32] . The copper complexes studied in this work were optimized to their equilibrium geometries and characterized by the analytical calculation of their harmonic frequencies. In order to describe the copper-complex structures obtained experimentally, two families of computational methods were tested. First, the density functional theory (DFT) was employed using the hybrid functional, BHandH and B3LYP [33] and the 6-31 þ G(2d,p) basis set. The second computational method was based on using the effective core potential (ECP). This was done by describing the transition metal with three different basis sets, SDD [34] LANL2DZ and Def2TZVPP [35] and all other atoms (H, C, N, and O) by the 6-311 þ G(2d,p) basis set. Zeropoint energies (ZPE) were scaled by a factor of 0.9748 as suggested by Scott and Radom [36] . Because of the Cu-complexes used in this work were cations, the open shell unrestricted spin was requested by adding the prefix u to the method, i.e., uB3LYP, or uBHandH. In order to locate the most stable structure among the different conformers of the Cu-complexes, single point energies were requested after complete optimization using the MøllerePlesset perturbation theory (MP2) [37] provides using the 6-311þþg(2d,p) basis set. For Table 1 Crystal data and structure refinement for complex 2. the calculations involving solvents, the SCRF method was used. Time-dependent density functional theory calculations used for probing the excited states of the Cu-complexes were performed at uBHandH/6-31 þ g(2d,p) level of theory. All electronic calculations in this work were performed using the Gaussian 09 program [38] . Hirshfeld surfaces and the associated 2D-fingerprint plots were calculated using Crystal Explorer [39] .
Empirical
Results and discussion
Synthesis of Cu(II) complexes
Two new dicationic water-soluble trans-[Cu(NN 0 ) 2 .H 2 O](NO 2 ) 2 complexes were synthesized by using N,N-dimethylethylenediamine and N,N-diethylethylenediamine as asymmetrical diamine ligands in methanoic medium and under ultrasonic wave atmosphere (Scheme 1).
The desired complexes have been isolated as NO 3 salts in good yields. The complexes are soluble in water, MeOH, DMF and DMSO. However, they are totally insoluble in THF, acetone, CH 2 Cl 2 and non-polar solvents like n-hexane. The solubility and conductivity measurements have confirmed the dicationic nature of the complexes. The progress of the synthesis was followed by colour changes (from brown to sky blue). The prepared complexes have been characterized using elemental analysis, MS, TG/DTA and spectroscopic methods. The X-ray crystal structure of complex 2 revealed a distorted trigonal bipyramidal environment.
P. Naumov deposited complex 2 structure (CCDC 616566) with 6.75 R-value, the authors did not do any structure descriptions or a calculation, the complex was used to enhance adsorption, nothing else was reported [40] . In our case we deposited complex 2 structure (CCDC 1529101) with better 2.81 R-value, both the crystal information data (cif files) of the complex were used to evaluate the experimental and calculated structure parameters.
Crystal structure and ab-initio calculations of complex 2
As per the single crystal analysis, complex 2 was crystallized in the Monoclinic structure with C2/c space group. The crystal data and the structure refinement parameters are given in Table 1 , and selected bond distances and angles are given in Table 2 . The ORTEP diagram of the complex with the atomic numbering is also shown in Fig. 1 .
The coordination geometry around the Cu(II) centre can be described as a distorted square pyramidal towards a trigonal bipyramidal arrangement by a t value of 0.274. This trigonal index was calculated using the formula t¼(bÀa)/60 as previously defined by Addison et al. [41] , with t assuming values between 0 and 1 for ideal square pyramidal and trigonal bipyramidal geometries, respectively. In complex 2, b and a correspond to N(1)eCueN(1)i and to N(2)eCueN(2i) angles, respectively. The equatorial coordination of copper centre is composed of four nitrogen atoms from the diamine ligand.
As shown in Fig. 1 , the water molecule occupies the apical pyramidal position with the oxygen atom located at 2.225(2) Å from the copper centre. The CueN distances of 2.010(2) and 2.105 (2) Å as Table 3 and also shown in Fig. 2 . In order to better understand the relative stability of complex 2 isomerization, we performed ab-initio calculations on different possible structural arrangements of the complex. Using the BHandH hybrid density functional, different isomers of the complex 2 structure were optimized. The optimization results and the corresponding final energies at BHandH/6-31 þ G(2d,p) level of theory are shown in Fig. 3 . Interestingly, the distorted squarepyramidal isomer (IV) was found to be the most stable structure, in full agreement with the XRD findings discussed earlier. The isomers I, II, and III were found to be less stable than isomer IV by 6.3, 11.8, and 5.0 kcal/mol, respectively. After verifying the isomer IV to be the most stable structure, different computational methods were tested in order to describe the structural parameters of the complex, as previously described in the theoretical methods section. Table 4 lists the key structural parameters for the complex 2 obtained at the two DFT functional B3LYP and BHandH with the basis set 6-31 þ G(2d,p), and the effective core potential (ECP) methods using the basis sets Def2TZVPP, LANL2DZ, and SDD. The table also shows the same structural parameters obtained experimentally by X-ray diffraction. Clearly, the structure optimized by the DFT functional, BHandH, shows the best match to the experimental structure; such finding is in agreement with previous theoretical studies utilizing the BHandH function [43] . Although the ECP methods were recommended to describe transition metal Table 3 Hydrogen bond dimensions for complex 2. structures, the three ECP basis sets used in this work have failed in optimizing the complex 2 structure, as seen from the large error values in Table 4 . The largest errors are associated with the CueO bond distance, which was over estimated by the ECP methods, and the N1eN2eN3eN4 dihedral angle.
Comparison between XRD and DFT structure parameters of complex 2
The crystal information data (cif files) for complex 2 in this work and P. Naumov [40] were used in order to compare the structure parameters like bond lengths and angles with the calculated DFT result. The optimized main angles and bond lengths around the copper centre were compared to experimental data, as seen in Table 5 , Figs. 4 and 5. Fig. 4 showed that: plotting the X-ray experimental bonds lengths (this work) against experimental bonds lengths [40] reflected an excellent matching with correlation coefficient R 2 ¼ 0.9987 (Fig. 4a) , the bonds lengths are semi-identical (Fig. 4d) . Plotting of the X-ray experimental bond length (this work) vs. DFT showed better data with R 2 ¼ 0.8996 (Fig. 4b ), compared to experimental bond lengths [40] R 2 ¼ 0.8773 (Fig. 4c) . 
Hirshfeld surface analysis of complex 2
Hirshfeld surface analysis is an essential technique for showing packing modes and intermolecular interactions of crystals structure using CIF file output data [44e48]. Complex 2 was subjected to Hirshfeld surface analysis as seen in Figs. 6 and 7. Fig. 4 shows Hirshfeld surfaces comprising of d norm surface plots, curvedness, and shape index electrostatic potentials of intermolecular interactions and molecular shapes. Different types of intermolecular interactions were identified. The large dark spots on the surface appear as a result of strong hydrogen bond acceptors near the nitrogen and oxygen of nitrate, which clearly illustrates the presence of both intra and inter molecular H ….N and H ….O hydrogen bonds. Such binding is expected to be strong enough to stabilize the crystalline structure, in which the NO 3 counter ions played a crucial role in stabilizing the molecular crystal structure [40] . Fig. 7 shows 2D fingerprint plots revealed by colour coding distances from the surface to the nearest atom exterior (de plots) or interior (di plots) to the surface into specific atom … atom contacts in complex 2. The percentage of contribution of each contact to the Hirshfeld surface shows that the greatest contribution is due to (a) total, (b) H … all (84%), (c) H/H (56%), (d) H/O (27%), (e) H/N (2%) and (f) H/C/Cu (0%) contacts as seen in Fig. 4 .
Visible and ultraviolet spectral data
The electronic absorption spectra for complexes 1 and 2 were performed in water at 25 C. Fig. 8 shows the UVeVis spectra for the two complexes at different concentrations. In the UV-region: complex 1 had one absorption band at l max ¼ 250 nm, and complex 2 exhibited also one band at l max ¼ 260 nm, which were attributed to p to p* electron transition.
In the visible region, both complexes 1 and 2 exhibit one broad band each at l max ¼ 560 and 595 nm, respectively, which can be attributed to ded electron transfer.
The excitation states for complex 2 were studied by utilizing the time-dependent density functional theory (TDDFT). The first ten excited states of the complex cation are listed in Table 6 . The table also lists the excitation energy in units of eV, the wavelength, and the oscillator strength, and the S 2 value for each excited sate. The square multiplicity (S 2 ) values, which equal S(Sþ1), for most of the excited sates are close to 0.75, indicating a doublet state. The S 2 values for states 8, 9, and 10 suffer from serious spin contamination. It was noted that the maximum wavelength (l max ) of absorption for complex 2 in the visible region occurs at 598 nm in aqueous solution. According to these calculations, the excitation energies of states 3 and 4 are the closest to the experimental l max . However, these excited states are forbidden as their oscillator strengths are null. Hence, it is concluded that the second excited state at 606 nm is the one responsible for the experimental l max of complex 2. 
Solvatochromism
The solubility of complexes in water and polar organic solvents is evident characteristic of solvatochromism, which is equivalent to dicationic mononuclear complexes. The colour sweeping in such complexes are imputed to the ded electron transition in Cu(II) centre as an outcome of solute-solvent interactions.
The l max values of the complexes in various solvents were bathochromic shifted depending on polarity of the solvents, as shown in Fig. 9 . The polar solvents with heteroatoms are able to coordinate the square pyramidal Cu(II) which may changes the topological coordination of bonds to octahedral geometry depending on their DN donation number ability [49e54].
To explain the solvent effects on the absorption spectra of the complexes, l max values were plotted against Guttmann's donor values DN as in the solvatochromic (Eq. (1)) and in Fig. 10 .
The solvent parameters used include Guttmann's donor DN, acceptor numbers AN, electron pair donating ability b and hydrogen bonding ability a. 
FTIR spectroscopy
In order to collect the spectroscopic signature of the desired complexes, we performed both experimental and frequency calculation analysis, as seen in Fig. 11 . The experimental and theoretical FT-IR vibration spectra of complex 2 in comparison revealed several stretching vibrations corresponding to their expected chemical shifts, as seen in Fig. 11 b and c. Since the calculations was performed for compound in vacuum, while experiment was made for solid; usually, there is a slightly disagreement between observed vibrational and calculated wavenumbers.
The main stretching vibrations chemical shifts belongs to functional groups in complex 2 (n (HOeH) , n (NeH) , n (CeH) , n (NO3) and n (CueN) ) were compared to their computed frequencies. ) and metal-N n (CueN) (exp.~500 cm
À1
while DFT ¼ 580 cm À1 ). Generally, the collected results suggested that computed frequencies determined by applying DFT were overestimated their corresponding experimental quantities due to the different anharmonicity and electron correlation effects in the real system [55] . In order to figure out the real IR-relation in such complexes, graphical correlation between the experimental and DFT theoretical analysis was plotted for complex 2, as is seen in Fig. 11d . A significant R 2 value 0.9931 was collected, which reflected an overall good matching between experimental and theoretical IR analysis. This validates the proposed structure of complex.
Thermogravimetric analyses
The thermal stability of the complex 2 was performed by TG/ DTA. The TGA curves were obtained at a heating rate of 10 C min À1 in open air atmosphere over the temperature range 25e900 C. The thermogravimetric analyses of these complexes revealed the occurrence of two consecutive processes, namely ligand pyrolysis and inorganic residue formation. The TG/DTA spectra of complex 1 mainly illustrate the expected two steps of weight loss as seen in The first decomposition step is a short and simple step due to dehydration of one water molecule at 110 C. Losing around 3 wt % (theoretically 2.8 wt%), with the exothermic DTA sign at 115 C. The next step is a more complex one, de-structure of NN and NO 2 ligands and reacting of the Cu centre with O 2 in one broad step starting at 190 C and ending at 840 C, losing around 78 wt% (theoretically 77 wt%), with an exothermic DTA sign at 198 C forming CuO. The final product was identified by IR as copper oxide (CuO, 21 wt%) [25] .
Electrochemical behaviour
An electrochemical analysis for both complexes, 1 and 2, was perfumed in order to understand their oxidation/reduction behaviour. The experimental data showed that the reduction of complexes proceeds through a quasi-reversible one-electron process with I pa /I pc unity ratio, generating the Cu(I) centre, as illustrated in the general equation and Fig. 13 . Fig. 13 shows that the redux potential value (E pa ¼ À0.63 V) for complex 2 is slightly more negative compared to that of complex 1 (E pa ¼ À0.53 V), which can be attributed to the alkyl functional groups (R 2 N), which are considered electron donors. (Et, complex 2) > (Me, complex 1) which electronically enriches the Cu(II) centre.
The quasi-reversibility associated with the reduction process probably arises as a consequence of a geometry change from the originally square pyramid towards a distorted tetrahedral environment around the Cu(I) species [25, 26] . 
Conclusions
Two new copper(II) complexes were prepared and characterized in this work. The structure of complex 2 was found to have a trans penta-coordinated configuration as shown by XRD analysis. Theoretical investigations employing thy BHandH hybrid density functional have agreed with the results obtained from the XRD. The obtained complex in its trans conformation was proven to be the most stable as shown form the theoretical study. The Hirshfeld surface analysis indicated the presence of strong intermolecular interactions represented by hydrogen bonds with the O and N atoms. The H-bonds are expected to stabilize the crystal structure of the investigated molecules. The UV spectra of both compounds exhibited visible absorption peaks, which have been attributed to ded electron transfer. As obtained from the TDDFT calculations performed on complex 2, it is believed that second excited state at 606 nm is the one responsible for the experimental l max of complex 2. The prepared complexes exhibited clear solvatochromism as shown by the UV spectra obtained in different solvents. It was clear that the l max of both complexes were bathochromic shifted. A Guttmann-type analysis indicated that the reason for the bathochromic shift is due to the coordination of the polar solvents to the square pyramidal Cu(II) centre. The thermal stability of complex 2 was studied by TGA. The complex was found to decompose at two characteristic regions at 115 C and 190 C. Finally, a cyclic voltammetry investigation on the complexes 1 and 2 indicated a reduction process rising from a geometry transformation from a square pyramidal configuration into a distorted tetrahedral environment.
The biological activity of the copper (II) complexes synthesized in this work will be evaluated in the near future. The antibacterial, antifungal, and anticancer efficiency of the complexes will be investigated in-vitro. Also, the complexes will be examined as enzyme inhibitors. 
